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We identified a thymosin-4 gene overexpression in
malignant mouse fibrosarcoma cells (QRsP-30) that
were derived from clonal weakly tumorigenic and non-
metastatic QR-32 cells by using a differential display
method. Thymosin-f4 is known as a 4.9-kd polypeptide
that interacts with G-actin and functions as a major
actin-sequestering protein in cells. All of the six malig-
nant fibrosarcoma cell lines that have been indepen-
dently converted from QR-32 cells expressed high levels
of thymosin-B4 mRNA and its expression in tumor cells
was correlated with tumorigenicity and metastatic po-
tential. Up-regulation of thymosin-g4 in QR-32 cells
(32-S) transfected with sense thymosin-34 cDNA con-
verted the cells to develop tumors and formed numer-
ous lung metastases in syngeneic C57BL/6 mice. In con-
trast, antisense thymosin-f4 cDNA-transfected QRsP-30
(30-AS) cells reduced thymosin-f34 expression, and sig-
nificantly lost tumor formation and metastases to dis-
tant organs. Vector-alone transfected cells (32-V or 30-V
cells) behaved like their parental cells. We observed that
tumor cell motility, cell shape, and F-actin organization
is regulated in proportion to the level of thymosin-B4
expression. These findings indicate that thymosin-f4
molecule regulates fibrosarcoma cell tumorigenicity
and metastasis through actin-based cytoskeletal organi-
zation. (Am J Pathol, :869-882)

Tumor development and progression occur in a consec-
utive and multistep process that involves several gene
alterations. The most serious change is the latter process,
tumor progression, because tumor cells acquire an inva-
sive and metastatic phenotype that is the main cause of

death and a major barrier to successful treatment for
cancer patients. Therefore, for early diagnosis and effec-
tive therapeutic intervention, we need to detect the alter-
ations associated with transition from benign to malignant
tumor cells on a molecular basis.

Animal tumor models are revealing genes associated
with tumor progression that also appear in human can-
cers such as NM23," Kiss-1,%2 mts1,% and CD44,* which
are differentially expressed between high- and low-met-
astatic tumor cells. The tumor progression model of
mouse fibrosarcoma cells (QR clone) has been estab-
lished by our group, which has advantages compared to
other models.®>~'° The QR tumor clones regress sponta-
neously after injection of up to 2 X 10° cells subcutane-
ously or 1 X 10° cells intravenously in normal syngeneic
mice; the tumor regression is mediated by host immunity
because the tumor cells grow progressively in immuno-
suppressed or nude mice and a tumor cell-derived im-
munosuppressive factor, prostaglandin E, (PGE,) is as-
sociated with this process.’” Thus by using QR clones,
we are able to mimic the natural course of tumor progres-
sion, ie, transition from weak tumorigenicity and nonmeta-
static benign tumor cells or dormant state of tumor cells
to tumorigenic/metastatic malignant tumor cells in mice.
The transitional change can be determined by aug-
mented tumorigenicity or metastatic potential.>'° The
model is available for detection of possible internal or
external factors for tumor progression. We have previ-
ously identified that inflammation®~""2 or antitumor drug
treatments®'° accelerated tumor progression and the
resultant daughter cells possessed irreversibly stable
malignant phenotypes, all of which derived from a clonal
QR-32 tumor line. Comparison of the genes between
single-cell-originated benign tumor cells and its derived
malignant tumor cells would be of benefit for identifying
the progression-associated gene alterations because of
their very close genetic backgrounds.

We tried to define gene expression comparatively be-
tween QR-32 cells and its derived progressor cell line,
QRsP-30 cells by differential display and the identified
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thymosin-B4 gene was transcriptionally elevated in all of
the malignant tumor cell lines we tested. We demon-
strated that thymosin-B4 expression regulated tumorige-
nicity, cell motility, and metastatic potential of fibrosar-
coma cells through actin-based cytoskeletal organization
by sense and antisense thymosin-g4 cDNA transfection
strategy.

Materials and Methods

Cell Lines and Culture Condiitions

The weakly tumorigenic and poorly metastatic mouse
clonal fibrosarcoma cell line QR-32, its derivative highly
tumorigenic and highly metastatic cell line, QRsP, and
the transfectants were maintained as previously de-
scribed.>” Briefly, these cell lines were maintained in
Eagle’s minimum essential medium that contained 8%
fetal bovine serum, sodium pyruvate, nonessential amino
acids and L-glutamine, at 37°C, in a humidified 5% car-
bon dioxide/95% air mixture.

mRNA Differential Display

The mRNA differential display was performed following
the original technique described by Liang and Pardee.'®
DNase I-digested total RNA (1 wpg) from QR-32 and
QRsP-30 cells were, respectively, reverse-transcribed
with 200 U of Superscript RNase H-reverse transcriptase
(GIBCO BRL) in the presence of 2.5 umol/L of one of four
anchored primers, T;sMG, T,sMC, T;sMA, and T,sMT
(Operon Technologies Inc.). Sixty arbitrary 10-mer primer
(Operon Technologies, Inc.) was selected at random to
be used for polymerase chain reaction (PCR) with the
appropriate anchored primer with 5 U/ul of Tag polymer-
ase (Takara). The cycling conditions were 3 minutes at
94°C, 5 minutes at 40°C, 5 minutes at 72°C (1 cycle), 15
seconds at 95°C, 2 minutes at 40°C, 1 minute at 72°C (25
cycles), and 5 minutes at 72°C (1 cycle). Two indepen-
dent reaction products, respectively, from QR-32 and
QRsP-30 cells were separated in 8% polyacrylamide gel
with glycerol-tolerant running buffer (United States Bio-
chemical). Differentially expressed cDNA bands were
directly excised from the gel and reamplified with the
same primer sets in high-stringency conditions. Bands
were then cloned into pGEM-T (Promega Corp.) and
sequenced with ALF express sequencer (Amersham
Pharmacia Biotech).

Vector Construction of Sense or Antisense
Nucleotide of Thymosin-B4 and Preparation of
Transfectants

The coding region of thymosin-B4 (nucleotides 158 to
292) was cloned from QRsP-30 cDNA library by PCR. The
coding region of thymosin-B4 cDNA was inserted into the
pcDNA3.1 vector, which contains the cytomegalovirus
enhancer-promoter (Invitrogen) at the Pmel and Xhol
sites in the direction of sense or antisense orientation.

The orientation of the insert was determined by enzymatic
digestion and it was confirmed that no mutations were
introduced during the PCR amplification by direct DNA
sequencing (data not shown).

The thymosin-B4 sense or antisense vector, and the
vector alone pcDNAS.1 were individually transfected into
tumor cells with Lipofectin reagent (GIBCO/BRL). Trans-
fectants stably expressing the introduced vector were
selected by continuous neomycin treatment with 400
ng/ml (Geneticin, GIBCO/BRL). Neomycin-resistant cells
were cloned by the limiting dilution method and main-
tained in the medium containing neomycin.

RNA Extraction and Northern Blot Analysis

Total RNA was isolated from cells exponentially growing
in vitro with a Trizol reagent (GIBCO/BRL). Twenty ug of
total RNA was size-fractionated on a denaturing formal-
dehyde-agarose gel (1.0%) and transferred onto trans-
Blot transfer membrane (Bio-Rad). The membrane was
hybridized at 42°C for 24 hours with denatured thymo-
sin-p4 probe labeled with [a-*?P] dCTP (Amersham) with
the use of a random-primer DNA-labeling kit (Takara,
Japan) in the buffer containing 50% formamide, 5X
SSPE, 0.5% sodium dodecyl sulfate (SDS), 5X Den-
hardt's solution, and 100 g of denatured salmon sperm
DNA. Then the membranes were washed with 2X stan-
dard saline citrate and 0.1% SDS at room temperature for
10 minutes, 0.2X standard saline citrate and 0.1% SDS at
room temperature for 10 minutes, and then 0.2X stan-
dard saline citrate and 0.1% SDS at 42°C for 60 minutes.
To confirm the amounts of RNA loaded in each lane, the
blots were hybridized afterward with a L38 cDNA.'* Im-
age analysis was performed with BAS2000Il system
(FUJIX, Japan).

Reverse Transcriptase (RT)-PCR Analysis

Three hundred ng of total RNA was used for the synthesis
of the first-strand cDNA in a 20-ul reaction mixture con-
taining 1X first-strand buffer (GIBCO/BRL), 7.5 mmol/L
dithiothreitol, 0.5 mmol/L MgCl,, 0.5 mmol/L dNTO, 100
pg random primer (GIBCO/BRL), and Moloney murine
leukemia virus reverse transcriptase (GIBCO/BRL). The
reverse transcription was done in a block incubator
(Astec, B1-525; Japan) for 50 minutes at 37°C after an-
nealing at 25°C for 10 minutes. PCR was performed at
95°C for 5 minutes and on ice for 5 minutes in a block
incubator. PCR was performed in a 20-ul reaction mixture
containing 1X native pfu buffer (Stratagene), 200 nmol/L
of each primer, 0.2 mmol/L dNTPs, and 0.25 U of native
pfu polymerase (Stratagene). Gene-specific primers
were designated to span the coding region of mouse
thymosin-g4 (5’ to 3'); thymosin-g4 upstream, CCT-
CATCCTCCTCGTCCTTA; thymosin-B4  downstream,
TGATCCAACCTCTTTGCATC. Control studies for RT-
PCR were conducted by using aliquots from the same
samples and amplifying them with primers to GAPDH
gene (5’ to 3’); mouse GAPDH upstream, GGGTGT-
GAACCACGAGAAAT; mouse GAPDH downstream,



GGTCCTCAGTGTAGCCCAAG. RT-PCR of mRNA en-
coding mouse thymosin-g4 and GAPDH resulted in PCR
products of 295- and 442-bp long, respectively. The PCR
cycles consisted of 1 minute initial denaturation at 95°C,
followed by 35 cycles of 95°C for 40 seconds, 59°C for 40
seconds, and 78°C for 1.5 minutes in a thermal cycler
(2400R, Perkin ElImer). Each PCR amplification included a
negative control containing all of the reaction products ex-
cept cDNA. Five ul of each PCR product was separated in
2% agarose (lwai Chem. Pharm., Japan), and stained with
ethidium bromide, and photographed under UV light.

Thymosin-B4 Monoclonal Antibody Preparation
and Peptide Inhibition Assay

Because synthetic full-size peptide of human thymosin-g4
gave no antibody rise on intraperitoneal injections into
BALB/c mice, we therefore used the N-terminal half of thy-
mosin-B4 molecule. The synthetic peptide (Thyb4-2: MSD-
KPDMAEIEKFDKSKLKKTETQEKN) was made with an ad-
ditional Cys moiety at the C-terminal position for conjugation
with KLH. Mice were immunized three times with the
Thyb4-2 (20 png/ml) and Freund’s complete adjuvant. Two
weeks later, the mice were boosted with Thyb4-2 and
Freund’s noncomplete adjuvant. After the final immuniza-
tion, the spleen was fused with myeloma cells (P3U1) and
50% PEG (1500; Boehringer Mannheim Yamanouchi, To-
kyo, Japan) with the standard screening method to obtain a
desired monoclonal antibody, TB4N1-5. The subclass of the
antibody was 1gG1 (k). The established hybridoma cells
were injected intraperitoneally into BALB/c mice to produce
ascites and the antibody was purified with the use of a
protein-A column.

For peptide competitive inhibition assay, 96-well plates
were coated with synthetic peptide Tyb4-2 (2 png/ml) of
thymosin-g4 for overnight at 4°C. After washing with
phosphate-buffered saline (PBS) containing 0.02%
Tween 20 (T-PBS), the plates were incubated with 1%
skim milk in PBS. Then TB4N1-5 antibody (5 pg/ml) was
added to the wells with serially diluted synthetic peptide
Tyb4-2 (for thymosin-B4) or Tyb10 (for thymosin-g10, full
size) as a control, and the plates were incubated for 3
hours at 37°C. After three washes, anti-mouse immuno-
globulins conjugated with horseradish peroxidase were
added to the wells and incubated for 1 hour at 37°C. After
three washes, an ABTS [2,2’-azino-bis(3-ethylbenzthia-
zoline-6-sulfonic acid) diammonium salt]/H,O, solution
(0.1%/0.003%) in citrate/phosphate buffer (0.1 mol/L, pH
4.5) was added to each well. After 10 minutes, absor-
bance was measured at 405 nm.

Protein Extraction and Western Blotting

Proteins were extracted from cell lines and Western blot
analysis was performed as follows. Briefly, lysates of the
cultured cells were prepared in Laemmli's buffer.'® Then
100 ug of the protein was separated by electrophoresis on
a SDS-10% polyacrylamide gel. The gel was incubated in
phosphate-buffered saline (PBS) containing 10% glutaral-
dehyde (Wako Pure Chemical Ind., Japan) for 1 hour,
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washed three times in PBS for 20 minutes, and further
incubated in a blotting buffer for 30 minutes at room tem-
perature. The protein was transferred to a polyvinylidene
difluoride membrane (Immobilon-P; Millipore, Japan) by
electrotransfer. The membrane was preincubated for
2 hours with 5% skim milk in PBS containing 0.05% T-PBS.
The membrane was incubated for 1 hour at room temper-
ature with a monoclonal antibody to thymosin-B84 (TB4N1-
5). After five washes with T-PBS, the membrane was
incubated with horseradish peroxidase-conjugated sheep
anti-mouse immunoglobulin antibody (NA931, Amersham)
for 1 hour at room temperature. After five washes of the
membrane with T-PBS, the specific protein-antibody reac-
tion was detected by the enhanced chemiluminescence
detection system (Amersham). The intensities of individual
bands were semiquantified by means of densitometry of
autoradiogram with the Kodak Digital Science (IS 440CF).
Each membrane was stained with 0.1% Amido Black 10B
(161-0402, BioRad) and equivalence of the loading protein
was confirmed in each lane.

Immunofluorescence, Texas Red-X Phalloidin
Staining, and Confocal Images

Cells from each cell line were allowed to spread on glass
coverslips (22 X 22 mm; Matsunami Glass, Japan) in 6-well
plates (no. 3046; Falcon). The cells were fixed with 3.0%
paraformaldehyde and then permeabilized with 0.1% Triton
X-100 for 5 minutes. The cells were treated with 70% meth-
anol for 5 minutes at —30°C and washed with 0.1% bovine
serum albumin in T-PBS (PBT). Then the cells were stained
with anti-thymosin-p4 antibody (TB4N1-5, 1 ug/ml) for 1
hour, followed by incubation for 1 hour with Alexa 488
anti-mouse IgG (A-11029, 10 ug/ml; Molecular Probes).
Thereafter F-actin staining was done by incubating with 1 U
of Texas Red-X phalloidin (T-7471, Molecular Probes) for 1
hour. Cells were mounted and analyzed by confocal mi-
croscopy as follows. The confocal scanning laser micro-
scope images were generated on a confocal laser-scan-
ning microscope equipped with an argon laser and ZEISS
63X oil immersion (1.4 n.a.) objective. The condition for
confocal imaging was fixed as follows and scanning was
done exactly and the same condition at one time. Image
collection: speed, normal; collection filter, Kalman, Factor 1;
and box and pixel size, 512 X 512 pixels (0.4 um/pixel).
PhotoMultiplier: iris, 2.0; gain, 1500; BLev, 0; emission filter,
605 DF32; and low signal, checked. The final images were
volume rendered on a computer (DELL Power Edge 2200)
using Bio-Rad Sharp Confocal System (MRC-1024 version
3.2, Bio-Rad). The digital images were subsequently pho-
tographed with a digitalized film recorder (Color Video Copy
Processor, CP2000; Mitsubishi, Japan) onto a paper sheet
(model CK2000L, Mitsubishi Electric).

Determination of in Vitro Tumor Cell Growth,
Plating Efficiency, and Soft Agar Colony
Formation

For in vitro cell growth analysis, cells were seeded into a
6-well plate (1 x 10° cells per well). The medium was
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changed every other day. The cells were harvested and
counted every day from day 1 to 7 by trypan blue exclu-
sion test. Doubling time was calculated from the logarith-
mic phase of the growth curve.

For evaluation of plating efficiency, 1 X 10° cells sus-
pended in the medium containing 8% fetal bovine serum
were plated into 60-mm dishes (MS-10600; S.B. Medical,
Japan) in triplicate. The dishes were incubated for 7
days, and colonies were fixed in Carnoy’s fixative,
stained with 0.1% crystal violet, and scored.

For determination of the soft agar growth (anchorage-
independent), 2 X 107 cells were suspended in 1 ml of the
medium containing 0.3% agar (GIBCO/BRL) and twice vol-
ume of fetal bovine serum, and applied onto the presolidi-
fied 0.6% agar (1 ml) in 6-well plates. Triplicate plates were
prepared for each cell line. After 3 weeks of incubation,
colonies larger than 0.1 mm in diameter were scored.

In Vitro Cell Motility Assays
Phagokinetic Track Assay

Uniform carpets of gold particles were prepared on
glass coverslips (22 X 22 mm) coated with bovine serum
albumin as described previously.'® The gold particle on
glass coverslips was placed in 35-mm culture dishes
(627160, Greiner Labortechnik) containing 2 ml of Ea-
gle’s minimum essential medium supplemented with 8%
fetal bovine serum. Then 2 x 10° cells were added to
each dish. After 48 hours, phagokinetic tracks of 40 cells
were visualized under a microscope. The area cleared of
gold particles by a cell was quantified by using a micro-
scope analyzer (Cosmozone R500; Nikon, Japan).

Scratch Wound Closure Assay

Confluent tumor-cell monolayers on glass coverslips
(22 X 22 mm) in six-well plates were scraped using a
pipette tip (MARS, CL-200; Japan) to make a wound
22-mm long. The cells were incubated at 37°C and al-
lowed to migrate into the wound for intervals of several
hour, then fixed and stained with 0.1% crystal violet. The
numbers of cells that moved into the 22-mm? area in each
line were counted in a microscope.

Subcutaneous Tumorigenicity and Metastasis
Assay in Vivo

Animal protocols were approved by the Committee of Insti-
tute for Animal Experimentation at the Hokkaido University
School of Medicine (no. 9910). Female C57BL/6 mice were
purchased from Japan SLC and used at 6 to 10 weeks of
age. Subcutaneous tumorigenicity was examined by inject-
ing 2 X 10° cells/0.2 ml into the subcutis of the mice. In the
study on spontaneous metastasis, moribund mice were
sacrificed and the organs were removed, weighed, and the
number of metastatic nodules on the surface of lung and the
other organs were counted macroscopically.
Experimental metastatic potential of the cells was mea-
sured by the lung colonization assay as described pre-

viously.® In brief, the cells were injected into the tail vein
of mice at the density of 1 X 10° cells/0.2 ml. Twenty-five
days later, the mice were sacrificed and the metastatic
nodules on the lung surface and the other organs were
counted macroscopically.

Statistical Analysis

Differences in the subcutaneous tumor and those in spon-
taneous and experimental metastases were evaluated by
chi-square test. Differences in the plating efficiency, the
latency periods, the mean survival times, and the motility of
tumor cells were calculated by Student’s t-test.

Results

Overexpression of Thymosin-4 mRNA in
Malignant Fibrosarcoma Cell Lines

We have previously found that foreign body-induced in-
flammation not only promotes the local growth of weakly
tumorigenic and nonmetastatic tumor cells (QR-32) but
also converts them into more aggressive tumors (QRsP),
ie, they acquire enhanced tumorigenicity and metastatic
ability.® Using differential display, we identified 23 genes
that were expressed differentially between QR-32 cells
and its derivative highly tumorigenic and metastatic fibro-
sarcoma cell line, QRsP-30. Based on Northern blot anal-
ysis of those 23 genes, we further selected 3 genes. To
identify these genes, we extracted the differential display
bands, reamplified, and sequenced. A search in the
BLAST computer database found that these cDNAs were
more than 90% homologous to calcyclin, thymosin-p4,
and vimentin, respectively (data not shown). Figure 1
illustrates a typical example of differential display (Figure
1A) and a Northern blot (Figure 1B) that confirms the
existence of 0.7-kb thymosin-g4 mRNA in the QRsP-30
cells but not in the parental QR-32 cells.

Northern blot analysis showed that QR-32 cells ex-
pressed an extremely low level of thymosin-B4 mRNA
(Figure 1, C and D). We observed high levels of thymo-
sin-p4 mMRNA expression in a total of five QR-32 cell-
derived highly metastatic tumor cell lines (43- to 70-fold;
Figure 1, C and D) and relatively high expression of
thymosin-B4 mRNA in the moderately metastatic tumor
cell line, QRsP-28 (19-fold; Figure 1, C and D). On the
other hand, expression of calcyclin and vimentin was
observed equally in QR-32 cells and its derived malig-
nant tumor cell lines (data not shown). Thus thymosin-B4
expression was well correlated with malignant phenotype
of tumor cells.

Regulation of Thymosin-B4 Expression in QR-32
or QRsP-30 Cells by Sense or Antisense
Thymosin-B4 cDNA Transfection

To elucidate the role of thymosin-B4 in tumor malignancy,

we introduced the pcDNA3.1 expression vector contain-
ing the cDNAs encoding either sense and antisense ori-
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Figure 1. Differential display and Northern blot reveal increased expression of thymosin-B4 in malignant mouse fibrosarcoma cell lines as compared to parental
QR-32 cells. A: Differential display demonstrates markedly augmented expression of thymosin-B4 (arrowhead) in malignant fibrosarcoma cells, QRsP-30 when
compared with the parental QR-32 cells. B: Northern blot using thymosin-B4 gene as probe identifies a 0.7-kb mRNA expression in QRsP-30 cells (top). 285 rRNA
expression served as a loading control (bottom). C: Northern blot confirmed that the expression of thymosin-B4 gene was enhanced in malignant tumor cell lines.
L38 hybridization served as a loading control. Metastatic potential of the intravenously injected tumor cells (as described in Materials and Methods). N,
nonmetastatic; M, moderately metastatic (forming metastatic colonies not exceeding 150 per lung); H, highly metastatic (forming colonies more than 150 per lung).
D: The expression of the thymosin-B4 mRNA comparing L38 mRNA were quantified by densitometry.

entation of the mouse thymosin-B4 into QR-32 cells and
QRsP-30 cells, respectively. To obtain sense thymosin-
B4-transfected QR-32 cells, we initially isolated 24 neo-
mycin-resistant clones, all of which were then screened
for expression of thymosin-B4 mRNA. Sense or antisense
transcripts of the thymosin-B4 in the transfected cells
were determined by RT-PCR amplification with the prim-
ers designated to span the coding region of thymosin-B4.
Thymosin-B4 was expressed at 295 bp in 32-S cells

(Figure 2A). To obtain antisense thymosin-B4-transfected
QR-30 cells, we isolated 20 neomycin-resistant clones
and then screened for thymosin-g4 and measured its
expression. We isolated four 30-AS clones that reduced
thymosin-B4 transcripts as shown in Figure 2B. We tested
more than 100 clones from QR-32 or QRsP-30 cells trans-
fected with empty vector. However, as far as we tested,
we could not find any clone that changed thymosin-B4
expression. Therefore, we considered that alteration of
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Figure 2. RT-PCR analysis of thymosin-B4 expression in the cells transfected
with sense or antisense thymosin-84 construct and vector controls. RT-PCR
analysis of parent cells and its transfectants. Thymosin-B4 at 295 bp in sense
thymosin-4 transfectants was increased, whereas it was reduced in antisense
thymosin-p4 transfectants. A: QR-32 cells transfected with sense thymosin-B4
construct. B: QRsP-30 cells transfected with antisense thymosin-f4 construct.
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thymosin-B4 levels in the sense or antisense cDNA trans-
fected cells was caused by the transfected thymosin-B4
gene instead of the transfection procedures, ie, vector
construct or neomycin selection.

We then confirmed the expression of thymosin-B4 pro-
tein by Western blotting. To make sure that the monoclo-
nal antibody used in this study was specific to thymosin-
B4, we performed two experiments: competitive inhibition
assay and Western blot analysis by using synthetic B-thy-
mosin-peptides. The competitive inhibition curves ob-
tained from the reaction with the antibody raised against
the synthetic peptide of thymosin-B4 or thymosin-g10
demonstrated practically no cross-reactivity with thymo-
sin-p10 (Figure 3A). For confirming the specificity of the
antibody, the synthetic full-size peptide of thymosin-p4
and thymosin-B10 were electrophoresed and the gel was
stained with Coomassie brilliant blue solution (Figure 3B).
The peptides in another gel were transferred onto mem-
brane and incubated with thymosin-g4 (TB4N1-5) mono-
clonal antibody (1 wg/ml). Figure 3C shows TB4N1-5
monoclonal antibody reacts with thymosin-g4 peptide but
not thymosin-B10. When the thymosin-B4 antibody was
preabsorbed with the purified thymosin-B4, the intensity
of the signal markedly decreased (data not shown).

The results obtained by RT-PCR were also confirmed
by Western blotting analysis using the specific thymo-
sin-B4 antibody. Thymosin-B4 protein was detected as a
single band of 7.6 kd in 32-S cells transfected with sense
thymosin-B4 cDNA but very faint bands were detected in
the samples obtained from QR-32 cells and its vector
control transfectants (Figure 4A). Thymosin-B4 protein
was detected in QRsP-30 cells and its vector control
transfectants; however, the samples obtained from
QRsP-30 cells transfected with antisense thymosin-g4
cDNA revealed declined thymosin-B4 levels (Figure 4B).
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Figure 3. Specificity of the monoclonal antibody, TB4N1-5, as determined by Western blot and competitive inhibition assay. A: Peptide competitive inhibition assay. The
96-well plates were precoated with synthetic peptide of thymosin-B4 (2 pg/mb. TB4N1-5 antibody (5 ug/ml) was added to the wells with serially diluted synthetic
peptide, thymosin-B4 (@) or thymosin-B10 (O). Absorbance at 405 nm was measured after incubation with ABTS and HRP-conjugated anti-mouse immunoglobulins as
described in Materials and Methods. B: Coomassie brilliant blue staining. The synthetic peptides of thymosin-f4 and thymosin-B10 (1.5 ug/lane) were electrophoresed
in SDS-polyacrylamide gel electrophoresis and the gel was stained with Coomassie brilliant blue solution. C: Western blotting by TB4N1-5 antibody. Another gel,
electrophoresed as the same procedures as described in A, were transferred onto membrane and reacted with TB4N1-5 antibody (1 pg/mb).
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Figure 4. Western blot of thymosin-p4 protein levels in the cells transfected with sense or antisense thymosin-B4 construct and vector controls. Western blot
analysis of parent cells and its transfectants. Thymosin-B4 (Mr 7600) in sense thymosin-B4 transfectants was increased, whereas it was reduced in antisense
thymosin-B4 transfectants. The expression of thymosin-B4 proteins comparing Amido Black staining were quantified by densitometry. Az QR-32 cells transfected
with sense thymosin-f4 construct. B: QRsP-30 cells transfected with antisense thymosin-f34 construct.

In vitro growth characteristics of the transfected cells Table 1. n Vitro Characteristics of Sense or Antisense
had some clonal variations but were very similar to those Thymosin-B4-Transfected Mouse Fibrosarcomas
of empty vector-transfected controls and parental non-

. . Platin
transfected cells except for plating efficiency (Table 1). Doubling efﬂcien%y Colony formation
Cells time (hour) (%)* in soft agar (%)"
Metastatic Ability of Tumor Cells Associated QR-32 21.8 49.3 + 4.1 40.0
ith Th , 4 E , 32-V1 20.7 51.6 =20 47.3
with Thymosin-B4 Expression 32.v2 256  526+20 45.0
. - 32-V3 25.8 51.1x22 49.3
We evaluated the metastatic ability of the transfectants 32-36 28.0 58.6 + 1.0 50.0
(Table 2). None of the QR-32 cells or 32-V clones, except 32-S8 22.8 65.5 + 2.3* 48.3
the 32-V1 clone, metastasized to lung after intravenous 32-511 28.0 64.5 = 3.51 41.3
injection into C57BL/6 mice. In contrast, 32-S clones 32-813 26.8 64.5* 1.8 44.0
developed lung metastatic nodules and significantly in- QRsP-30 240 615=22 827
ped lung : 9 y 30-V1 24.3 58.1+42 417
creased incidences of lung metastasis. Two of four 32-S 30-V2 24.9 61.6 = 3.1 36.0
clones metastasized to other organs such as ovary or 30-V3 214 60.5+ 1.8 35.7
peritoneal cavity. In contrast, QRsP-30 and 30-V clones 30-AS3 42.0 44-0f 15? 26.0
aggressively metastasized to the lungs, ovaries, and gg:ﬁgg g?? g?g;g'g” gg'g
peritoneal cavities; however, antisense thymosin-g4 30-AS12 354 503 + 2.1 313
cDNA-transfected clones, 30-AS4 and 30-AS9, had sig-
nificantly less lung colonization and none of the 30-AS *One X 10° cells of each cell line were plated into 60-mm dishes
y 9 o . and incubated for 7 days.
clones had metastasis in other organs. Under similar TTwo x 102 cells were suspended in 1 ml of 0.3% agar and plated
conditions, the mean survival periods of 30-AS clone- on a presolidified 0.6% agar in 6-well plates and incubated for 3

injected mice were significantly longer than those of D <0001 versus 32.V2 cells.

QRsP-30 or 30-V clone-injected mice (60.2 = 12.0 versus 8P <0.001; TP <0.005, P <0.05 versus 30-V1 cells.
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Table 2. Experimental Metastatic Ability of Sense or Antisense Thymosin-8, Transfectants and Their Control Cell Lines

Intravenous injections*

Lung colonizing ability®

Other metastasized organs't

Incidence (no. of mice
with lung metastasis/
no. of mice tested)

Incidence (no. of
mice with
metastases/no. of
mice tested)

Cells Exp. | Exp. Il Total No. of lung metastatic nodules** Exp. | Exp. Il Total Sites (incidence)
QR-32 0/5 0/5 0/10 0,0,0,0,0,0,0,0,0,0 0/5 0/5 0/10 No metastases
32-V1 1/5 0/5 1/107  0,0,0,0,0,0,0,0,0,25 0/5 0/5 0/10 No metastases
32-V2 0/5 0/5 0/107  0,0,0,0,0,0,0,0,0,0 0/5 0/5 0/10 No metastases
32-V3 0/5 0/5 0/107  0,0,0,0,0,0,0,0,0,0 0/5 0/5 0/10 No metastases
32-S6 2/5 4/5 6/10%  0,0,0,0,18,21,21,26,28,31 0/5 0/5 0/10 No metastases
32-S8 4/5  3/5  7/108 0,0,0,11,19,22,25,26,30,32 1/5  2/5 3/10 Ascites(2/10), ovary(1/10)
32-S11 5/5 5/5 10/107  6,6,7,8,12,17,18,18,21,43 1/5 0/5 1/10  Ascites, ovary(1/10)
32-S13 3/5 4/5 7/105  0,0,0,18,18,21,29,32,32,34 0/5 0/5 0/10 No metastases
QRsP-30 4/5 5/5 9/10 0,9,11,12,18,30,44,>150,>150,>150 1/5 2/5 3/10 Ascites(2/10), ovary(2/10)
30-V1 45 55 97101 0,9,13,17,25,40,>150,>150,>150,>150 0/5  2/5 2/10 Ascites(2/10), ovary(1/10)
30-V2 4/5 5/5 9/10! 0,3,5,16,18,27,30,46,>150,>150 2/5 0/5 2/10 Ascites, ovary(1/10), ovary(1/10)
30-V3 35 55 810  00,55,11,15,15,19,25,>150 1/5  1/5 2/10 Ascites(2/10), ovary(1/10)
30-AS3 4/5 3/5 7/10! 0,0,0,5,9,9,12,17,18,20 0/5 0/5 0/10 No metastases
30-AS4  2/5 2/5 4/10*  0,0,0,0,0,0,5,6,12,27 0/5 0/5 0/10 No metastases
30-AS9 2/5 2/5 4/10%  0,0,0,0,0,0,8,9,12,28 0/5 0/5 0/10 No metastases
30-AS12  5/5 2/5 7/10  0,0,0,2,3,9,18,30,38,>150 0/5 0/5 0/10 No metastases

*One X 10° cells of each line were intravenous injected into mice.

TTwenty-five days later, the mice were sacrificed and the metastatic nodules on the lung surface were counted macroscopically.
The incidence of lung metastasis: P <0.05; P <0.005; TP <0.001; not significant versus original tumor cells.

**Each value represents the number of colonies per mouse lung.
TTOther organ metastases were also examined macroscopically.

-+

+

451
0.001).

We next evaluated the tumor-forming ability of the
transfectants (Table 3). None of the QR-32 cells or empty
vector-transfected clones (32-V1, 32-V2, and 32-V3)

12.5 or 49.1 10.4 days, respectively, P <

formed tumors; in contrast, 32-S clones that overex-
pressed thymosin-B4 formed lethal tumors in the mice.
On the other hand, all of the QRsP-30 cells and the 30-V
clones were found to form subcutaneous tumors and to
develop spontaneous metastases to the lungs. The inci-

Table 3. Subcutaneous Tumorigenicity and Spontaneous Lung Metastatic Ability of Sense or Antisense Thymosin-B; Transfectants
and Their Control Cell Lines
Subcutaneous tumorigenicity* Spontaneous metastasis’
Incidence (no. of mice
Incidence (no. of tumors/no. Lat with lung metastasis/no. of
of mice tested) atency . mice tested) .

periods Mean survival No. of colonies

Cells Exp. | Exp. Il Total (days) time (days) Exp. | Exp. Il Total per mouse lung'
QR-32 0/5 0/5 0/10 Alive Alive 0/5 0/5 0/10 0,0,0,0,0,0,0,0,0,0
32-V1 0/5 0/5 0/107  Alive Alive 0/5 0/5 o/107  0,0,0,0,0,0,0,0,0,0
32-V2 0/5 0/5 0/107  Alive Alive 0/5 0/5 o/10Y  0,0,0,0,0,0,0,0,0,0
32-V3 0/5 0/5 0/107  Alive Alive 0/5 0/5 o/107  0,0,0,0,0,0,0,0,0,0
32-S6 1/5 0/5 1/107 20 68 0/5 0/5 o/10Y  0,0,0,0,0,0,0,0,0,0
32-S8 1/5 1/5 2/107 15,18 57,63 0/5 0/5 o/107  0,0,0,0,0,0,0,0,0,0
32-S11 1/5 0/5 1/107 13 51 1/5 0/5 1107 0,0,0,0,0,0,0,0,0,3
32-S13 1/5 0/5 1/107 15 73 0/5 0/5 o/107  0,0,0,0,0,0,0,0,0,0

QRsP-30 5/5 5/5 10/10 11.2=*x15 31.2*=50 2/5 4/5 6/10 0,0,0,0,2,3,5,5,8,10

30-V1 4/4 5/5 9/97 13.4 +53% 337 +6.6% 1/4 2/5 3/97 0,0,0,0,0,0,2,2,6

30-V2 4/4 5/5 9/97 12.8 = 5.8%  33.8 + 10.4% 2/4 2/5 4/97 0,0,0,0,0,2,2,2,5
30-V3 5/5 5/5 10/107 10.0 + 0.08% 322+ 3.0%8 1/5 3/5 4/107  0,0,0,0,0,0,2,2,4,6
30-AS3 2/5 2/5 4/108 20.8 +7.8% 413+ 101" 0/5 0/5 0/108 0,0,0,0,0,0,0,0,0,0
30-AS4 5/5 4/5 9/107 16.2 + 4.4 386 + 12.3%8 2/5 1/5 3/107  0,0,0,0,0,0,0,2,2,4
30-AS9 4/5 5/5 9/107 13.4 = 22T 328 + 8.1%§ 0/5 0/5 0/108 0,0,0,0,0,0,0,0,0,0
30-AS12 2/5 3/5 5/10* 17.0 + 7.8 400 + 5.5+ 0/5 0/5 0/108 0,0,0,0,0,0,0,0,0,0

*Two x 10° cells from either transfected cells or the original tumor cells were injected subcutaneous into normal C57BL/6 mice.
TThe tumor-bearing mice were sacrificed and autopsied when they were moribund. The metastatic nodules on the lung surface were counted

macroscopically.

Tumorigenicity and lung metastasis of all the cell lines: P <0.01; P <0.005; “not significant versus original tumor cells.
IEach value represents the number of colonies per mouse lung.

Mean latency periods or mean survival days: **P <0.01; TP <0.05; ¥P <0.005; SSnot significant versus original tumor cells.



dence of tumor formation was decreased in the 30-AS3
and 30-AS12 cells and all of the 30-AS cells had signifi-
cantly prolonged latency periods as compared to the
parental tumor cells. Moreover, three of four 30-AS cells
significantly reduced the incidence of spontaneous me-
tastasis to the lungs at autopsy.

The metastatic ability, as well as tumorigenic potential,
was more likely to correlate in proportion to the protein
levels of thymosin-B4 in the transfectants.

Thymosin-B4 Expression and in Vitro Tumor
Cell Motility

The motility of thymosin-B4 transfectants and their control
cells was examined using two separate assays. We used
phagokinetic track assay to examine motile potential of
single cells. The mean motility of 32-S clones was 57.1 =
7.5 X 10® um?, which was ~3.6-fold greater than that the
mean values of 15.9 = 1.0 um? determined in the 32-V
clones (Figure 5A). The motility of QRsP-30 cells was
5.2-fold greater than that of the parental QR-32 cells;
however, 30-AS clones were less motile than 30-V clones:
471 = 58 X 10° um? versus 88.5 + 1.1 X 10° um?
(Figure 5B).

We next confirmed cell motility phenotype by scratch-
wound closure assay, which reveals potential of the cells
for dissociation from closely attached cell population and
cell motile phenotype. The numbers of the cells that
moved into the scratched area after 12 hours were
counted in a microscope. Figure 5, C and D, showed that
motile potential of 32-S clones into the scratched area
was significantly increased compared to QR-32 cells and
32-V clones (Figure 5C, P < 0.005). QRsP-30 tumor cells
was approximately threefold more motile into the
scratched area than QR-32 cells. 30-AS clones were
significantly reduced motile potential as compared to
QRsP-30 and 30-V clones (Figure 5D, P < 0.001).

These results demonstrated that level of thymosin-g4
expression is associated with cell motility, suggesting
that thymosin-B4 may regulate metastasis by controlling
cytoskeletal alterations essential for cell motility.

Thymosin-B4 Expression and Actin-Based
Cytoskeletal Organization

We next examined thymosin-B4 expression by immuno-
fluorescence staining with anti-thymosin-g4 antibody
(green) and actin-based cytoskeletal changes by Texas
Red-X phalloidin staining (red) using confocal micros-
copy. Thymosin-B4 expression was observed mainly in
the cytoplasm of the cells that was coincident with the
previous reports.’”'® Low expression of thymosin-84 in
32-V and 30-AS clones have strong F-actin staining at the
cytoskeleton (Figure 6), however, high expression of thy-
mosin-B4 in 32-S and 30-V have weak and irregular stain-
ing. Sensitive confocal laser sectioning and subsequent
computer-assisted image merging revealed that thymo-
sin-p4 partially merged with F-actin but thymosin-g4
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mainly localized at the cytoplasm, whereas F-actin local-
ized at the cytoskeleton (Figure 6).

The most profound change in thymosin-B4 transfec-
tants was an alteration of cell shape. Increased thymo-
sin-B4 expression could induce morphological change in
QR-32 cells, which are larger, ie, elongated, spread,
spindle-shaped, and have less F-actin staining similar to
that QRsP-30 tumor cells, whereas antisense thymo-
sin-B4 transfected cells reversed morphological change
in QRsP-30 cells similar to that of QR-32 cells (Figure 6).
These morphological changes were consistently ob-
served in all of the transfected clones expressing thymo-
sin-B4 but not in those transfected with an empty vector.

Discussion

In the present study, we found that expression of thymo-
sin-B4 was enhanced in all of the highly metastatic cell
lines converted from parental nonmetastatic fibrosar-
coma cell clone. Also we demonstrated that the thymo-
sin-B4 molecule acted as a positive regulator of cell
motility through actin-based cytoskeletal organization by
sense or antisense cDNA transfection. From these, we
confirmed that thymosin-B4 regulates tumorigenicity and
metastasis of tumor cells.

B-thymosins are a family of small peptides that were
originally supposed to be thymic hormone.' They were
then identified as actin monomer-binding proteins®®-2’
that bind monomeric actin (G-actin) and disturb the as-
sembly of filamentous actin (F-actin).??23 The balance of
those two types of actins maintains the cytoskeletal actin
for polymerization.'®2° Among p-thymosin members, thy-
mosin-B4 has been the most thoroughly studied, which is
expressed ubiquitously in mammalian cells.?#2°

Enhanced thymosin-B4 expression is observed in
medullary thyroid carcinoma?® and renal tumor®” as com-
pared with their normal counterparts. Clark and col-
leagues?® have recently reported that thymosin-g4 is in-
volved in the formation of metastasis of both human and
mouse melanoma cells from their analysis by DNA array.
We found that thymosin-B4 was highly expressed in the
tumor cells progressed from weakly tumorigenic and
nonmetastatic fibrosarcoma cells and that the expression
regulated not only tumorigenicity but metastatic ability of
the tumor cells that is facilitated through cell motility.
Stimulation of cell motility phenotype is a common feature
of B-thymosins as seen in thymosin-g102° and thymosin-
B15.2° It was also reported that those B-thymosins are
expressed in advanced tumors and highly metastatic
human tumor cells.*°~3% Namely, increased cell motility is
associated with enhanced metastatic potential of animal
and human tumors.3>:3¢

Interestingly, we found that thymosin-B4 expression
regulated plating efficiency, whereas in vitro cell growth
or ability of colony formation was not associated with
thymosin-B4 expression (Table 1). These results may
indicate that thymosin-B4 regulates cell attachment to
substrate and spreading. Figure 4 shows that dramatic
morphological alteration followed thymosin-B4 expres-
sion. The thymosin-B4-induced morphological change is
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Figure 5. Phagokinetic track patterns produced by sense (A) or antisense (B) thymosin-B4 transfectants and their control tumor cells. The gold particles were scattered
on the glass coverslips. Tumor cells were plated on the glass coverslips in culture. After 48 hours of incubation, the phagokinetic tmLk areas of 40 individual cells were
measured and the average area is shown. Each bar represents the means =+ SD of three independent experiments done in duplicate. *, P < 0.001; **, P < 0.005, compared
with an empty-vector transfectant. Scratch-wound closure patterns produced by sense (C) or antisense (D) thymosin-f4 transfectants and their u)ntr()l tumor cells. An
in vitro wound was introduced in confluent cultures of each cell lines. After 12 hours, the cells were photographed. The number of cells migrated into the scratched area
was counted. Each bar represents the means * SD of three independent experiments done in duplicate. *, P < 0.001, compared with an empty-vector transfectant.

quite similar to what is referred as epithelial-to-mesen-
chymal transition (EMT). It has been suggested that EMT
occurs in many developmental systems and tumor me-
tastasis, and that it is triggered by balanced cross-mod-

ulation among cell-cell adhesion molecules (such as E- or
N-cadherins), cell-ECM adhesion molecules, and actin-
based cytoskeletal molecules. On the basis of our results
and other researchers,®”3® we suggested that increased
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Figure 6. Thymosin-B4 levels inversely correlates with F-actin staining. Benign or malignant mouse fibrosarcoma cells expressing vector construct, and sense and
antisense thymosin-B4 cDNA has been attached onto glass coverslips, then fixed and stained with thymosin-B4 antibody (green) and Texas Red-X phalloidin (red)
to detect thymosin-B4 distribution and F-actin, respectively, and observed by confocal scanning laser microscopy. Original magnification of each clone, X630.
Representative image of three independent experiments with similar results is shown. Scale bar, 10 wm.
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adhesion, spreading, and EMT-like morphological changes
could be because of the downstream effects of the in-
creased thymosin-p4.

Significant progress has been made recently in iden-
tifying and clarifying the roles of thymosin-p4. It is known
that thymosin-B4 is involved in the regulation of actin-
based cytoskeleton and focal adhesion proteins that are
localized to the termini of the stress fiber-like actin fila-
ments, as well as in the cell-cell junctions adjacent to
circumferential actin bundles.®® Thymosin-g4 induces
myosin IlA, a-actinin, and tropomyosin expressions that
are known to compose stress fibers or the actin bun-
dles,*#4°41 also, it has been shown to induce focal ad-
hesion proteins such as vinculin, talin, as-integrin, focal
adhesion kinase (pp'?°FAK),384%41 and possibly to
cross-link to p130 Crk-associated substrate (Cas) and
paxillin.*>=4° Both thymosin-g4° and actin®’ serve as an
endogenous substrate for transglutaminases; therefore,
the thymosin-B4 seems to play an important role in trans-
glutaminase-related apoptotic processes in vivo. Niu and
Nachmias® have reported that enhanced thymosin-g4
gene expression induced resistance to ultraviolet or TNF-
a-induced apoptosis in NIH3T3 cells, which was depen-
dent on the phosphorylation of focal adhesion kinase
(pp'?°FAK) and its-associated actin cytoskeleton-associ-
ated protein, paxillin.*® Taken together, escape from
physiologically induced apoptosis in vivo will be an im-
portant factor for survival of malignant tumor cells. Fur-
thermore, thymosin-B4 stimulates angiogenesis,*®°°
wound healing,®" and blood coagulation;?°:52 all of these
are critical for tumor cells to acquire metastatic pheno-
type. Reorganization of the actin network by thymosin-p4
expression may therefore affect the dynamics of focal
adhesion assembly and lead to modulation of cell-sub-
stratum interaction, cellular shape, cell motility, cell sur-
vival, and consequently metastatic ability of tumor cells.

The expression of thymosin-p4 after malignant pro-
gression of mouse fibrosarcoma cells differed depending
on the causes of progression. All of the malignant fibro-
sarcoma cell lines used in this study, converted from
QR-32 cells by inflammation induced at the implantation
site, expressed high levels of thymosin-g4 mRNA. We
have recently established an in vivo model of tumor pro-
gression in which the QR-32 cells acquire malignant phe-
notype by administration of antitumor drugs, such as
adriamycin,® cis-diaminedichloro-platinum (I1) (cisplatin),
or UFT." Such antitumor drug-induced malignant tumor
cell lines express only a slight increase of thymosin-g4
MRNA expression (less than threefold as compared to
QR-32 cells, data not shown). We observed that activated
leukocyte cell adhesion molecule and annexin Il genes
were expressed in the antitumor drug-induced malignant
tumors cells and that they controlled their metastatic
potential.® Those results indicate the gene expression
associated with malignant conversion of QR-32 cells
strictly differ depending on the causes of progression.

The correlation between thymosin-B4 expression and
tumor malignancy does not seem to be a common phe-
nomenon in all of the organs. Yamamoto and col-
leagues®® showed an inverse relation between thymo-
sin-B4 expression and the liver metastatic ability of

human colorectal carcinoma cells. There was no expla-
nation in that work how the reduced expression of thy-
mosin-B4 related with the promoted metastatic ability. An
interpretation of the discrepancy is still unclear, however,
several points need to be taken into account to clarify the
role of thymosin-B4 in carcinogenesis and metastatic
potential of tumors. Firstly, the organ environment and
genetic alteration(s) affects the B-thymosin expression.
We observed that the thymosin-B4 expression in the in
vivo growing malignant tumor cells (Figure 1, C and D)
was much higher than that of the thymosin-B4-trans-
fected tumor cells (Figure 2A). We speculated that this
phenomenon resulted from host selection pressure to
allow highly thymosin-p4 expressed cells to grow. An-
other speculation was that the thymosin-B4 level can be
altered rapidly by environmental stimuli.>* A recent report
has shown that oxidation also modulates the function of
thymosin-B4; for instance, it attenuates G-actin seques-
tering activity.%°¢ Other studies have demonstrated that,
tumor-suppressing maspin (mammary serine protease
inhibitor) is one of the isoforms of serpin binding to thy-
mosin-B4 as ligand®” and that the maspin is regulated
directly by the p53 tumor suppressor gene.®® It is well
known that p53 mutation in the colorectal tumors is ac-
cumulated at advanced phase; it is most likely that the
environmental circumstances of the colorectal carcinoma
(ie, oxidative stress induced by inflammation or bacterial
microflora) may directly or indirectly modulate the func-
tion of the thymosin-B4. Secondly, in most studies only
one type of B-thymosin has been investigated, although
most cells and tissues express at least two or three
B-thymosins that may share the same function(s). In the
colon, the major B-thymosin may vary. Califano and col-
leagues®?® have observed that overexpression of thymo-
sin-B10, which is another abundant B-thymosin in mam-
malian cells®* with a high degree of sequence homology
to thymosin-B4, in the neoplastic transformation of the
colon epithelial cell.

To show tumorigenic and metastatic function of B-thy-
mosins in relation with their G-actin sequestering activi-
ties, we need to determine the intracellular peptide con-
centration or changes in G-actin/F-actin ratio or
identification of receptors for the peptide. Investigations
at such standpoints of view will help us elucidate the role
of B-thymosin in tumor development and progression, for
which we are now undertaking experiments.
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